The surface tension of liquid Fe-16 mass%Cr alloys and its wettability with alumina substrate at 1823 K were determined as a function of oxygen activity which was less than 0.0070 using the sessile drop technique. Oxygen was found to be strongly surface active in liquid Fe-16 mass%Cr alloys. The variation of surface tension of Fe-16 mass%Cr alloys with oxygen activity can be described by the following equation: 
Introduction
In the continuous casting process, some non-metallic particles, such as deoxidation products, mold powder, may be transported along with injected argon bubbles by the molten steel flow to the solidifying metal interface. These foreign particles (solid particles and bubbles) can get entrapped at the solidifying interface of steel and result in inclusions and bubble-related defects in the cast-product. The behaviours of these foreign particles in front of solidifying interface, (i.e. pushing or engulfment by a solidifying interface,) are related to interfacial tension gradients induced by both the concentration and temperature gradients formed in the boundary layer in the front of the solid-liquid interface. 1) Particle entrapment is also related to the wettability of the inclusion with liquid steel.
2) Consequently, the knowledge of the surface tension of iron-chromium alloy and of the interfacial properties between such an alloy and alumina is necessary to reduce inclusion and bubble entrapment in Cr-steels. The surface tension of liquid Fe-Cr alloys has been reported by many investigators. However, the results show little agreement. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] This large discrepancy of the surface tension between investigations is probably due either to varying concentrations of surface-active impurities such as O and S in the alloy samples or to inaccurate experimental techniques. 17, 18) The oxygen contamination of steels has been recognized as a major problem in steel processing. Tret'yakova et al. 19) determined the effect of oxygen concentration up to 110 mass ppm on the surface tension of liquid Fe-Cr alloys with less than 1.0 mass%Cr. However, the effects of oxygen on the surface tensions of liquid Fe-Cr alloys with higher chromium content have not been reported until now. In the present study, the effects of oxygen on the surface and interfacial properties of liquid Fe-16 mass%Cr alloys in contact with alumina at 1823 K have been determined using the sessile drop technique. Figure 1 shows the experimental apparatus for surface tension measurements. This consisted of a LaCrO 3 heating element furnace, gas purification system, oxygen sensor, a photographic system and a digital system (computer). In order to maintain the air-tightness of the reaction chamber, a double tube structure was adopted in this study. The reaction tubes were made of high purity alumina (99.8%Al 2 O 3 ). The outer tube is 50 mm in external diameter, 42 mm in internal diameter and 700 mm in length, and the inner tube is 37 mm in external diameter, 30 mm in internal diameter and 800 mm in length. Both ends of the reaction tube are sealed by watercooled stainless steel caps. The temperature was controlled by a PID digital program controller and measured with a 20:40Pt-Rh thermocouple set directly under the alumina substrate. The maximum temperature for the furnace is 1923 K, and the experimental temperature was 1823 K. Details of the LaCrO 3 heating element furnace have been described previously.
Experimental

Apparatus
20) The argon gas was passed through an Ar gas purifier and further deoxidized with magnesium chips heated to 773-873 K. The oxygen partial pressure in the gas outlet was measured with an oxygen sensor fabricated with ZrO 2 -CaO solid electrolytes.
The droplet profile of liquid Fe-16 mass%Cr-O alloys was photographed using a camera fitted with a telephotographic lens and a bellows. As the focal distance must be constant in all the experiments in order to fix the magnification of the photographed image, the focal distance was set in the position of infinity. The focus was then adjusted by changing the distance between the molten droplet and the camera which was fitted to a mechanical table, which was capable of moving three dimensions. 
Procedure
High purity electrolytic iron was employed as the base metal for all the prepared Fe-16 mass%Cr alloys. This electrolytic iron has the following impurities (mass ppm): 15C, <10P, 6S, <5Si, 1Mn, 1Cu, 6N, 70O. 99.9 mass%Cr containing 6 mass ppm O and 3 mass ppm N was used as the alloying material. A Fe-16 mass%Cr alloy with lower oxygen content (30-40 mass ppm) was prepared by deoxidizing the solid pieces of high purity electrolytic iron and chromium in an atmosphere of high purity H 2 gas at 1773 K for two hours, and melted at 1873 K in a high purity alumina crucible (99.8%Al 2 O 3 ). The Fe-16 mass%Cr alloy with higher O content (100-110 mass ppm) was melted in a purified Ar atmosphere. Therefore, the initial oxygen contents of the Fe-16 mass%Cr alloys were 30-40 mass ppm and 100-110 mass ppm, respectively. The Fe-16 mass%Cr alloy samples were also analyzed for N and S and were found to contain 10 mass ppm N and 3 mass ppm S. The compositions of the Fe-16 mass%Cr alloys were analyzed by the infrared adsorption and thermal conductimetric method after fusion in a He gas flow for N and O, by the radio frequency inductively couple plasma emission spectrometry for Cr, and by the infrared adsorption method after combustion in an induction furnace for S.
The alloys were cut into cylindrical pieces (about φ8 mm× 8 mm), each weighing about 3 g. The alloy piece was polished with sandpaper to remove any surface oxide and cleaned with acetone using an ultra sonic automatic washer. The high purity Al 2 O 3 (99.8%) plate (25.7 mm × 25.7 mm × 2.5 mm) was used as a substrate in this study. The surface of Al 2 O 3 plate was washed with ethanol, dried and used without touching the surfaces, in order to avoid any possible contamination.
The alloy sample was set on the upper surface of the Al 2 O 3 substrate, and the substrate was levelled using two spirit levels. After the sample was placed into the inter alumina reaction tube of furnace by alumina support, the system was sealed and evacuated by a vacuum pump. Then, argon gas was introduced into the reaction chamber and then the tube was evacuated again; this procedure was repeated three times. The Fe-16 mass%Cr alloy samples with the initial oxygen content of 30-40 mass ppm were heated to the experimental temperature in an atmosphere of purified Ar-H 2 (3:1), and then measured in a purified Ar-H 2 (15 vol%) gasmixing atmosphere for the alloys with very low oxygen content (≤10 mass ppm after experiments), or in an atmosphere of purified Ar with a trace H 2 for the alloys with lower oxygen content (<100 mass ppm after experiments). The surface tension of liquid Fe-16 mass%Cr alloys with higher oxygen content (about 200 mass ppm and 400 mass ppm after experiments) was measured by heating the samples with the initial oxygen content of 100-110 mass ppm to the experimental temperature in a purified Ar-H 2 (3:1) gas-mixing atmosphere, and measurements were carried out in a purified Ar atmosphere. The oxygen partial pressure in the purified Ar atmosphere was controlled by the heating temperature of Mg furnace in the range of 773-873 K. The oxygen pressures in the gas outlet were determined by the electrolyte oxygen sensor to be 10 −17 -10 −18 MPa for the alloys with about 200 mass ppm oxygen and 10 −13 -10 −14 MPa for the alloys with about 400 mass ppm. The total flow rate of gases was maintained at 160ml/min and the total pressure was held constant at 0.1 MPa in all the experiments.
The photographs of the droplet of liquid Fe-16 mass%Cr-O alloys were taken every 0.18 ks. The measurement time was 5.4 ks for one experimental run. From preliminary experiments, it was found that the surface tension of liquid Fe-16 mass%Cr-O alloys remained almost constant during measurements in the purified Ar-H 2 (trace) gas atmosphere, although the oxygen concentration increased slightly (10-42 mass ppm) on the basis of analysis of the samples after experiments. The surface tension of liquid Fe-16 mass%Cr-O alloys decreased steadily in a purified Ar atmosphere, while increased steadily in the purified Ar-H 2 (15 vol%) gas-mixing atmosphere with experimental times of around 2.7-3.6 ks, and then remained constant for longer time. After the experiments, the oxygen content in the specimen was analyzed. The measured surface tension values in the latter 1.8 ks were adopted.
The surface tension of liquid Fe-16 mass%Cr-O alloy was calculated from the image contour of the droplet using Rotenberg's method. 21) This was then fed into a computer with a digitizer, to determine the curve giving best fit between the numerical solution to the classical Laplace's equation and measured points. The magnification was determined by a picture of a standard steel ball (10 mm in diameter) taken with the same camera and in the same focal distance. The density of liquid Fe-Cr alloys was derived from the relation ρ(Mg/m 3 ) = 7.034 − 0.00567w Cr at T = 1823 K and the mass% of Cr, w Cr < 24, which was obtained by the sessile drop method. 22) The maximum measurement error was estimated to be ±1% for the surface tension and ±0.5% for contact angle.
Thermodynamics of Fe-Cr-O System
In order to understand the oxygen behaviour in the FeCr system at high temperature, it is necessary to have the knowledge of thermodynamic conditions in Fe-Cr-O system. Chromium is a relatively weak deoxidant. In the Fe-Cr-O system, FeO occurs at mass%Cr < 0.053, FeO·Cr 2 O 3 is formed at mass%Cr = 0.053-2.1, whereas Cr 2 O 3 is produced at mass%Cr > 2.1. [23] [24] [25] Therefore, the reaction and its equilibrium constant (K Cr-O ) in the Fe-16 mass%Cr-O melts can be expressed by eqs. (1)-(3).
(1)
where a Cr 2 O 3 is the activity of Cr 2 O 3 relative to pure solid, a Cr and a O are the activities of chromium and oxygen relative to 1 mass% solution in molten iron (standard state).
The following interaction parameters of first and second order were adopted for the calculation of the activity coefficients of chromium ( f Cr ) and oxygen ( f O ): 25) , e Cr Cr = 0. The oxygen activity in liquid Fe-16 mass%Cr alloy in equilibrium with Cr 2 O 3 (s) is calculated to be 0.0044 corresponding to an oxygen concentration of 240 mass ppm using the aforementioned equations and parameters.
26) It was also determined to be about 0.0070 corresponding to an oxygen concentration of 400 mass ppm. [23] [24] [25] In the present work, the experiments were carried out under the oxygen concentration of 400 mass ppm in the Fe-16 mass%Cr alloys (a O ≤ 0.0070). In contrast to the Fe-O system, the oxygen activity in the Fe-16 mass%Cr-O system is much lower than the oxygen concentration, this is due to the effect of chromium.
Results and Discussion
Surface tension of liquid Fe-Cr alloys
There are remarkable discrepancies in the surface tension values of liquid Fe-Cr alloys reported by different investigators (Fig. 2) . [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The bulk of the studies show a monotonic decrease in surface tension with increasing chromium content. Two investigations indicate a small rise in surface tension with small additions of chromium. The experimental conditions of some investigations are summarized in Table 1 . The remarkable discrepancies between the finding of different investigators could be due to the presence of surface-active impurities such as O and S in the alloy samples or due to inaccurate experimental techniques or those elements affecting the O, S concentrations (e.g. Al, Ca). The surface-reactive elements, such as O, S, can result from the following: (1) Impurities in the start materials, as shown in Table 1 . (2) From the melting process of Fe-Cr alloys with start materials. The impurities in the Fe-Cr alloys were not determined after melting in most of investigations. (3) From the gas atmosphere during measurements. A steep decrease in surface tension with increasing chromium content above 20 mass% was reported by Monma and Suto, 13, 14) which was thought to be due to oxidation of the sample. Takiuchi et al. 27) also reported that the oxygen concentration of liquid iron increased in a purified Ar atmosphere during the surface tension measurement. (4) Through reaction with the solid substrate. Takiuchi et al. 27) and Ogino and Taimatsu 28) found that the dissociation of solid alumina occurs in contact with liquid metal contain- The unit of impurity element is mass ppm. Both the contents of O and S in the samples after experiments were about 10 mass ppm in reference 11). * * SDM: sessile drop method, LDM: levitated droplet method. * * * The surface tension values were estimated from the curves in the references. * * * * The oxygen and sulphur contents of samples in reference 17 are as follows: for electrolytic Cr, with 5000-6000 mass ppm O and 250 mass ppm S before levitation and 15 mass ppm O and 180 mass ppm S after levitation, for puritronic Cr, with 20-30 mass ppm O and 10 mass ppm S before levitation and <1 mass ppm O and <1 mass ppm S after levitation ing lower oxygen concentration. Nogi et al. 17) measured the surface tension of liquid Fe-Cr alloys up to 100 mass%Cr by the levitated droplet method in an Ar-H 2 gas atmosphere at 2023 K. Fe with the purity of 99.99 mass% and two kinds of Cr, that is puratronic and electrolytic grades of Cr as shown in Table 1 , were used in their experiments. They clarified that the difference between the two results for puratronic and electrolytic grades of Cr is due to the difference in the oxygen and sulphur contents of theses samples. Their results also showed that the surface tension of liquid Fe-Cr alloys decreased gently with increasing Cr content compared with the precious results by the sessile drop method.
In all the investigations except that by Nogi et al., 17) the sessile drop method was employed to measure the surface tension of liquid Fe-Cr alloys, as shown in Table 1 . The surface tension value for a sessile drop can be obtained by using the tables of Bashforth and Adams, 29) or by using a simplified method in which only the horizontal diameter of the drop and the distance from the equator of the drop to its apex are measured. 30) Such calculations contain subjective error due to difficulties in manual determination of the droplet contour. 31) The calculation method developed by Rotenberg 21) and aided with a computer (digitizer) minimizes the errors involved in the manual contour determination and therefore the value derived is much less subjective.
In the present work, both a Fe-16 mass%Cr alloys containing lower impurity levels (only 10 mass ppm N and 3 mass ppm S) and the Rotenberg's method were employed. The obtained results of the alloys with 50-82 mass ppm oxygen are in good agreement with those of Ofitserov, 7) Tsarevskii et al. 8, 9) and Sharan et al., 16) and the values for the alloy with only 10 mass ppm oxygen determined in the purified Ar-15%H 2 gas-mixing atmosphere is higher than almost all the reported data by the sessile drop method as shown in Fig. 2 . The measured results show that the effect of oxygen on the surface tension of liquid Fe-16 mass%Cr alloys is remarkable.
The surface tension value of liquid Fe-16 mass%Cr alloy can be estimated by the equation σ Fe-Cr = σ Fe − 7.5w Cr (at%) (mN/m) in which the dσ Fe-Cr /dw Cr (at%) = 7.5 is the mean value of some investigations compiled by Keene. 18) Thus, the estimated surface tension of liquid Fe-16 mass%Cr alloy is 1737 mN/m by using the surface tension value of pure iron, σ Fe = 2408 − 0.35t (
• C) proposed by Keene, 18) and 1785 mN/m by using the surface tension value of pure iron σ = 1913 mN/m obtained by Jimbo et al. 31) The surface tension of liquid Fe-16 mass%Cr alloy obtained in this study, 1754 mN/m, is near to the above estimated values. Therefore, the surface tension of liquid Fe-16 mass%Cr alloy at 1823 K can be considered to be approximately 1750 mN/m. The values of liquid Fe-16 mass%Cr alloy obtained in this study are higher than those of others by the same method, which can be attributed to lower impurities such as O and S in the specimens.
Surface tension of liquid Fe-16 mass%Cr-O alloys
The measured surface tensions for liquid Fe-16 mass%Cr-O alloys are plotted as a function of oxygen concentration in Fig. 3 and as a function of oxygen activity in Fig. 4 results of the other investigations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] in that the addition of chromium to liquid iron results in a decrease in the surface tension.
Since oxygen acts as a surface-active element in a liquid Fe-16 mass%Cr-O alloy, the behaviour of oxygen adsorption can be described by the combination equation of the Gibbs adsorption isotherm and the Langmiur isotherm as follows: 35) 
where σ lg and σ 
where Γ O(Fe-Cr) (mol/m 2 ) is the surface excess concentration of oxygen relative to the Fe-Cr solvent at the Gibbs dividing surface of Γ Fe-Cr = 0.
The surface tension of liquid Fe-16 mass%Cr alloy as a function of logarithm of oxygen activity was shown in Fig. 5 . The curves from the equations of surface tension of liquid iron versus logarithm of oxygen activity, obtained by Zhu and Mukai, 20) Takiuchi et al., 27) and Kozakevitch and Urbain 33) are also drawn for comparison. By fitting the slope of surface tension versus logarithm of oxygen activity to experimental data at high oxygen activity, the term RTΓ tal data to that the oxygen concentration equals 0. By inserting these values into eq. (4) and by fitting eq. (4) to the experimental data using the least square method, the term K O(Fe-Cr) was found to be 383. The variation of surface tension of liquid Fe-16 mass%Cr-O alloys with oxygen activity can thus be expressed by (mN/m):
The addition of an alloying element to Fe can affect the adsorption coefficient (K i ) of a surface-active element i. Sharan and Cramb 36) found that in the Fe-Ni-O system the addition of over 20 mass%Ni to Fe led to a significant decrease in adsorption coefficient of oxygen in the Fe-Ni alloy (K O(Fe-Ni) ). Chung and Cramb 37) found that the adsorption coefficient of sulfur in a liquid Fe-30 mass%Cr alloy (K S(Fe-Cr) ) was lower than the one in a liquid Fe. However, in the present investigation the adsorption coefficient of oxygen in a liquid Fe-16 mass%Cr alloy was higher than that in liquid Fe.
If it is assumed that the surface-active element adsorption consists of a monolayer, it is also possible to estimate the area A occupied by each adsorbed oxygen on the surface by using eq. (7):
where N is Avogadro number ( Fig. 6 . In the present experimental range of oxygen activity (a O ≤ 0.0070), the contact angle can be considered to be constant (at about 150
• ). However, the contact angle of Fe-16 mass%Cr-O alloys obtained in the present work is larger than that for liquid iron in contact with alumina, as reported by Takiuchi et al. 27) and Nogi and Ogino. 38) This indicates that the addition of 16 mass%Cr to the liquid iron can increase the contact angle of liquid alloys with solid alumina.
Young's relation allows an estimate of the interfacial tension between liquid metal and solid substrate (σ sl ) based on the values of the surface tension of the metal (σ lg ) and the solid (σ sg ) and the contact angle of the metal on the solid (θ ) as follows: reported data of the surface tension of solid alumina. Nogi and Ogino 38) reported that the surface tension of alumina was 750 mN/m at 1873 K. The temperature coefficient of the surface tension is widely accepted to be −0.1 mN·m −1 ·K −1 for alumina and other ceramics. 39) Therefore, the surface tension of alumina at 1823 K is estimated to be 755 mN/m. Figure 7 shows the interfacial tension between liquid Fe-16 mass%Cr-O alloys and alumina as a function of logarithm of oxygen activity at 1823 K. The surface tension is also plotted in Fig. 7 for comparison.
The oxygen behaviour at the interface between liquid Fe-16 mass%Cr-O alloy and alumina substrate may also be described by the combination equation of the Gibbs adsorption isotherm and the Langmiur isotherm as follows: 35) At the above mentioned Gibbs dividing surface, the excess concentration of oxygen at the (Fe-Cr)-O pseudobinary meltAl 2 O 3 substrate interface may be written by:
By fitting the slope of interfacial tension versus logarithm of oxygen activity to experimental data at high oxygen activity, the term RTΓ The value of the surface tension and the contact angle allows calculation of the work of adhesion. Work of adhesion is defined as the free energy change (∆G) of the work per unit area necessary to separate a liquid from a solid as expressed in eq. (12):
If eq. (12) is used in Young's eq. (8), a useful expression, the Young-Dupre equation, can be obtained as follows: Figure 8 shows the work of adhesion for liquid Fe-16 mass%Cr-O alloys as a function of logarithm of oxygen activity at 1823 K. As can be seen in Fig. 8 , although the work of adhesion decreases slightly with increasing the oxygen concentration in the range of very low oxygen activity, it can be considered to remains almost constant in the present experimental range of oxygen activity (a O ≤ 0.0070).
Conclusion
The surface tension of liquid Fe-16 mass%Cr alloys and the wettability of the liquid alloy on an alumina substrate at 1823 K were measured as a function of oxygen activity which was less than 0.0070 using a sessile drop technique. The following results were obtained:
(1) Oxygen was found to be strongly surface active in liquid Fe-16 mass%Cr alloys. The variation of surface tension of Fe-16 mass%Cr alloys with oxygen activity can be described by the following equation: σ lg = 1750 − 304 ln(1 + 383a O ) (mN/m).
(2) The addition of 16 mass%Cr to liquid iron increased the contact angle between the droplet and alumina substrate. 
